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于 MP 生物毒性的研究报道，然而对于 MP 产生这些毒性的分子机制还不是很清
楚。因此，本论文以 MP 为有机磷污染物，研究了 MP 对斑马鱼脑组织和肝（ZFL）
细胞的毒性效应，继而采用蛋白质组学技术研究在 MP 胁迫下斑马鱼脑组织和
ZFL 细胞表达的差异蛋白，筛选出响应 MP 毒性的关键蛋白质，并从分子水平上











CKBB、DPYSL3、GFAP）表达量下调，2 个蛋白（HNRPDL、class 1 beta tubulin）
表达量上调，该结果显然不利于我们全面地认识 MP 的毒理学机制。膜蛋白在生
物体中负责执行许多重要功能，并且是多数毒物作用的靶点。因此，膜蛋白可能





















信号通路并揭示其毒理机制。因此，本研究以 ZFL 细胞为研究对象，分析了 MP
对 ZFL 细胞的毒性作用，并采用膜蛋白质组学技术研究 MP 暴露后 ZFL 细胞表
达的差异膜蛋白，其结果可为今后深入研究 MP 的分子毒理机制提供一定的科学
依据。 
细胞形态显微观察、MTT 法等研究结果表明，MP 显著抑制 ZFL 细胞的增
殖，且抑制率与 MP 浓度成正相关，其 24h IC50 为 200 µM。PI 单染法和 Annexin 
V-FITC/PI双染法流式细胞术检测结果揭示了MP可使ZFL细胞周期阻滞于S期，
且 MP 导致 ZFL 细胞死亡的主要原因是诱导细胞的继发性坏死或晚期凋亡，而
不是早期凋亡。膜蛋白质组学研究发现，在 MP 胁迫下 ZFL 细胞中 8 个膜蛋白
的表达水平发生改变，其中 6 个表达量上调的蛋白为 endoplasmin、HSP9、CD146、




多种手段，分析了 MP 对斑马鱼脑组织和 ZFL 细胞的毒性效应。在此基础上，
采用差异蛋白质组学技术筛选出斑马鱼脑组织和 ZFL 细胞响应 MP 胁迫的差异
蛋白质。选用 Western blotting 分析 MP 胁迫前后 DPYSL3、STXBP1 和 arginase-2





于进一步深入探索 MP 的毒理机制，且筛选出来的 GFAP、PDIA3、IDH3A、MDH、



















Methyl parathion (O, O-dimethyl O-4-nitro-phenylphosphorothioate, MP) is 
one of the most widely used organophosphorus pesticides (OPs) in agriculture 
worldwide, due to its high activity against a broad spectrum of insect pests. Howerer, 
during the last few decades, the extensive use of MP and its environmental persistance 
have resulted in high concentration of its residues in water, which is a great danger to 
aquatic organism survival as well as human health. Presently, there are increasing 
reports on the toxicity of MP, however, the molecular mechanisms responsible for MP 
toxicity are far form being completely understood. Therefore, this study aims to reveal 
the differentially expressed proteins in zebrafish (Danio rerio) brain tissue and 
zebrafish liver (ZFL) cell line using proteomic approaches, after assessing the toxic 
effects of MP on zebrafish. Through this, we hope to discover the key proteins in 
response to MP exposure, and further explore the underlying molecular mechanisms 
of MP toxicity. 
MP residues and its metabolites in zebrafish brain were analyzed by gas 
chromatography and gas chromatograph/mass spectrometer. In result, MP content vs. 
time demonstrated a rapidly drug diffusion and a slow elimination process in fish 
brain. In addition, p-nitrophenol, the specific metabolite of MP was found in the tissue. 
Smilar to other OPs, MP is a potent inhibitor of AChE activity. In our study, AChE 
activity decreased in a typical dose–time–response fashion as the concentration of MP 
and the exposure time increased. MP has also been reported to induce oxidative stress 
due to generation of free radicals and alteration in antioxidant defence. After MP 
exposure, the activities of two antioxidative enzymes catalase (CAT) and superoxide 
dismutase (SOD) showed the same variation manner as 
inhibition-activation-inhibition; while malonaldehyde (MDA), the indicator of lipid 
peroxidation, changed in an increase-decrease-increase manner, just opposite to that 
of CAT and SOD. These results suggest the oxidative stress of MP to zebrafish, and 















organism resistant to oxidation toxicity. 
One way to obtain an integrated view of a response pathway to a toxin is to use 
global methods such as proteomics. Therefore, we first applied comparative 
proteomic technologies to analyze the differentially expressed proteins of total 
proteome in zebrafish brain tissue exposed to MP. In comparison to the control, only 6 
proteins were found to be differentially expressed, and 4 (TUBB5, CKBB, DPYSL3, 
GFAP) were down-regulated, while 2 (HNRPDL, class 1 beta tubulin) were 
up-regulated. This result is obviously insufficient to uncover the toxic mechanism of 
MP. Membrane proteins encompass a variety of important functions, and may be the 
major targets of most toxins, such as MP. Therefore, we further revealed the 
differential expression profile of membrane proteins in zebrafish brain exposed to MP. 
In result, the level of 16 membrane proteins were significantly changed by MP (8 
up-regulated, 8 down-regulated). These membrane proteins are involved in redox 
homeostasis (PDIA3, ALDH5A1), signal transduction (GNB1L, GNB2, GDI2), 
metabolism (DLST, IDH3A, MDH), protein synthesis and degradation (TUFM, 
UCHL1) as well as neurodevelopment and function (ependymin, STXBP1). 
In comparison to tissue, the toxicological studies based on cell are more 
beneficial to study the signalling pathways of a toxin and reveal its toxic mechanisms. 
In view of this, this study further analyzed the differential membrane proteome of 
ZFL cell under MP stress.  
Microscopy observation and MTT assay revealed that MP could significantly 
inhibit the proliferation of ZFL cell and cause cell death in a dose-dependent manner. 
PI staining flow cytometry analysis showed that MP arrested the cell cycle of ZFL at 
S phase, and Annexin V-FITC/PI dual-staining flow cytometry analysis further 
indicated that the major mechanism of MP-induced cell death is necrosis but not 
apoptosis. Membrane proteomic results revealed that 8 membrane proteins were 
responsive to MP exposure, among which, 6 (endoplasmin, HSP9, CD146, SDH, 
arginase-2, ACBD5A) were up-regulated, while 2 (TUBA2, TRHR1L) were 
down-regulated. These proteins were assigned into several groups such as chaperone, 















This study assessed the toxic effects of MP to zebrafish brain tiuuse and ZFL 
cell through resuide and metabolite measurement, enzyme assay, MTT assay and flow 
cytometry analysis. The proteins responsive to MP exposure in zebrafish brain and 
ZFL cell were revealed by differential proteomics. Furthermore, the changes in 
DPYSL3、STXBP1、arginase-2 expression and the mRNA levels of all differential 
proteins were analyzed using Western blotting and quantitative real-time PCR, and 
the results further comfirm our confidence on the protein regulation revealed by 
proteomic methods. Based on the functional analysis of these proteins, we preliminary 
uncover the molecular mechanisms of MP toxicity, suggesting that oxidative stress, 
disruption of cell structure, dysregulation of signal transduction, metabolism disorder 
and carcinogenesis are the major factors contributing to MP toxicity to zebrafish. The 
present study may provide a new clue for the investigation of MP toxic mechanisms, 
and GFAP、PDIA3、IDH3A、MDH、SDH were proposed as novel biomarker 
candidates for monitoring and evaluating the contamination level of MP and its risks 
to aquatic organisms as well as human beings. 
 















1 前  言 
1.1 有机磷农药污染及其毒性概述 
1.1.1 有机磷农药水体污染 
有机磷农药（Organophosphorus pesticides，OPs) 在 17 世纪就开始被合成，
但作为农业杀虫剂使用始于 20 世纪 40 年代。OPs 由于具有药效高、品种防治对
象多、在环境中易降解、残毒低等特点，一度被认为是一种高效且安全的化学品，





开发的 OPs 有 60 余种[3]，其中我国可以生产 30 多种，产量占全国农药总产量的




代农药的梦幻。据调查，农田中喷洒的 OPs 只有 10%~20% 附着在作物表面，而
终又只有 1%~3% 能到达靶向生物[6]，大部分残留在土壤或漂浮在空气中，通
过降雨、沉降和径流进入河流湖泊，并 终汇入海洋，造成地表水的 OPs 污染[7,8]，
且短时间内难以清除[9]。 
地质调查结果显示，美国 70% 的河流污染由农业造成[10]。1993 年，Callofmai
南部的 Ornage 县水质控制局完成的 NewPort Bya Watesrhed 水体有毒物质研究发
现，NewPort Bya 和 San Diego Creek 水体中毒物浓度严重超标，其中主要毒物为
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